Collapse of piled foundations in liquefiable soil has been observed in the majority of recent strong earthquakes despite the fact that a large margin of safety is employed in their design. This paper critically reviews the current understanding of pile failure in liquefiable deposits with special reference to JRA (1996) code. Critical remarks have been made on the current understanding of pile failure using the well-known and well-documented failure of the Showa Bridge. It has been shown that the current understanding cannot explain some observations of pile failure. The current method of pile design under earthquake loading is based on a bending mechanism where the inertia and slope movement (lateral spreading) induce bending in the pile, and where axial load effects are ignored. An alternative mechanism of pile failure in liquefiable deposits has been proposed. This mechanism, based on pile buckling, is formulated by back analysing fifteen case histories of pile foundation performance during past earthquakes and verified using dynamic centrifuge modelling.
INTRODUCTION
Structural failure of piles passing through liquefiable soils has been observed in many of the recent strong earthquakes. This suggests that the bending moments or shear forces that are experienced by the piles exceed those predicted by their design methods (or codes of practice). The Japanese Road Association Code, (JRA, 1996) does consider the effects of soil liquefaction, which it assumes are related to the drag on the piles caused by lateral spreading of the soil, as in National
Research Council (NRC, 1985) , Hamada (1992a Hamada ( , 1992b Hamada ( , 2000 , Ishihara (1993 Ishihara ( , 1997 , Finn and Thavaraj (2001) , Finn and Fujita (2002) , Abdoun and Dobry (2002) . All current design codes apparently provide a high margin of safety (using partial safety factors on load, material stress which increases the overall safety factor), yet occurrences of pile failure due to liquefaction are abundant. This implies that the actual moments or shear forces experienced by the pile are many times higher than the predictions. It must be concluded that the current design methods may not be consistent with the physical processes or mechanisms that govern liquefaction-induced failure. This paper investigates buckling as an alternative mechanism for pile failure due to soil liquefaction.
Reference is made, as a case study, to the well-known failure of the Showa Bridge, which is evaluated to be safe according to the JRA (1996) . This paper points out that the soil surrounding slender piles is required to provide horizontal resistance to prevent lateral buckling, and that this resistance can fall to near zero due to soil liquefaction. However, JRA (1996) chapter 7 specifies no design checks against buckling. The required calculations include the possibility of lateral spreading, as suggested in the second sentence of the quote above and loss of bearing capacity as suggested in the first sentence above.
CURRENT UNDERSTANDING AND JRA (1996)
The current understanding of pile failure (as noted in the literature and design codes) is as follows: Soil liquefies, losing its shear strength, causing it to flow taking with it any overlying nonliquefied crust. These soil layers drag the pile with them, causing a bending failure. This is often referred to as failure due to lateral spreading. In terms of soil-pile interaction, the current Page-3 mechanism of failure assumes that the soil pushes the pile. The Japanese Highway code of practice (JRA 1996) has incorporated this concept as shown in Figure 1 . The code advises practising engineers to design piles against bending failure assuming that the non-liquefied crust offers passive earth pressure to the pile and the liquefied soil offers 30% of total overburden pressure. Yokoyama et al. (1997) reports that this code was formulated by back analysing a few piled bridge foundations of the Hanshin expressway that were not seriously damaged following the 1995 Kobe earthquake.
Inertia of the superstructure can also induce bending moments in the pile. In this regard JRA (1996) in page 78 says:
"In a case where the effects of lateral spreading are accounted, the effect of lateral spreading shall be provided as horizontal force to study the seismic performance of the foundation. But in this case, it shall not be necessary to simultaneously account for the inertia force produced by the weight of the structure". Ishihara (1997) illustrates the background for such a clause in the code. He notes that, the onset of liquefaction takes place approximately at the same time when the peak acceleration occurs in the course of seismic load application having an irregular time history. He argues that the seismic motion has already passed the peak and shaking may be persistent with lesser intensity and therefore, the inertia force transmitted from the superstructure will be insignificant. Hamada (2000) in the 12 th World Congress on Earthquake Engineering concludes that permanent displacement of non-liquefied soil overlying the liquefied soil is a governing factor for pile damage. Similar conclusion has also been reached by Berrill et al. (2001) .
Other codes of practice such as the USA code (NEHRP 2000), Eurocode 8, part 5 (1998) and Indian code (IS 1893 ) also focus on the bending strength of the pile. Based on the assumption that lateral spreading is the cause of pile failure, research work into this pile failure 
PILE BUCKLING
Structural engineers would often have to regard piles as slender columns were it not be lateral support from the surrounding soil. Generally, as the length of the pile increases, the allowable load on the pile increases primarily due to the additional shaft friction but the buckling load (if the pile were laterally unsupported by soil) decreases inversely with the square of its length following
Euler's formula. Figure 2 shows a typical plot for the variation of allowable load (P) and buckling load (P cr ) of a pile (if unsupported) against length of the pile. The pile in the above example has a diameter of 300mm (typical pile dimension in 1964 Japan) and is passing through a typical liquefied soil. The allowable load (P) is estimated based on conventional procedures with no allowance for liquefaction. Structural engineers generally demand a factor of safety of at least 3 against linear elastic buckling to allow for eccentricities, imperfections and reduction of stiffness due to yielding. Thus, if unsupported over a length of 10m or more, such columns could fail due to buckling instability and not due to crushing of the material. During earthquake-induced liquefaction, the soil surrounding the pile loses its effective confining stress and can no longer offer sufficient support to it. The pile, if sufficiently slender, may now act as an unsupported column prone to axial instability. The instability may cause it to buckle sideways in the direction of least elastic bending stiffness under the action of axial load, eventually causing a plastic hinge, see for example Bhattacharya et al (2002 Bhattacharya et al ( , 2003 , Bhattacharya (2003) , Bolton (2004a, 2004b) . Figure 3 shows instability of a frame supported on slender columns, as load is increased. At a particular load the frame becomes unstable and this is often termed as Euler's critical load (P cr ).
Imperfections, such as lateral loads or out-of-line straightness will increase lateral deflections, 
STUDY OF CASE HISTORIES
In this study, fifteen reported cases of pile foundation performance during earthquake-induced liquefaction has been studied and analysed as listed in Table 1 Figure 4 (b).
The ratio L eff /r min is termed as slenderness ratio of pile in liquefiable region. poor performance piles from the good ones. This line is of some significance in structural engineering, as it is often used to distinguish between "long" and "short" columns. Columns having slenderness ratios below 50 are expected to fail in crushing whereas those above 50 are expected to fail in buckling instability. Thus, the analysis suggests that pile failure in liquefied soils is similar in some ways to the failure of long columns in air. The lateral support offered to the pile by the soil prior to the earthquake is removed during liquefaction.
It has been hypothesised based on the above study that a pile can become unstable under the action of axial load provided the slenderness ratio of the pile in the unsupported zone exceeds a critical value. It may not be necessary to invoke lateral spreading of the soil to cause a pile to collapse and piles can collapse before lateral spreading starts, once the soil has liquefied.
The plot of P (allowable load of the pile obtained from conventional procedure with no allowance for liquefaction) and P cr (buckling load, if unsupported) for the piles that failed in Figure   5 can be seen in Figure 6 following Bhattacharya et al (2002) . It may be observed from the plot that the piles that failed had (P/P cr ) ratio between 0.5 and 1. On the other hand, the analysis of the case histories (see Bhattacharya et al. 2002) shows that the piles that survived the earthquake in laterally spreading soil had (P/P cr ) ratio below 0.1. used to build the models was Fraction E silica sand, which is quite angular with D 50 grain size of 0.14mm, maximum and minimum void ratio of 1.014 and 0.613 respectively, and a specific gravity of 2.65. Axial load (P) was applied to the pile through a block of brass fixed at the pile head ( Figure   7 ). With the increase in centrifugal acceleration, the brass weight imposes increasing axial load in the pile. The packages were centrifuged to 50-g and one-dimensional earthquakes were fired and the soil liquefied. The effect of axial load alone was studied by using a specially designed frame to restrain the head mass against inertial action. The frame can be seen later in Figure 10 . Table 2 and Figure 8 summarises the performance of the piles along with the load effects acting. Emphasis is given to the normalised axial load (P/P cr ) where P is applied axial load or the axial load at failure.
The piles marked 7 and 8 in test SB-04 (Table 2) were tested in similar conditions (in test SB-05, not included in Table 2 ) but in the absence of soil which simulated Euler' classical buckling. Thus, through the series of tests the various influences on pile behaviour could be distinguished. Details of all these tests can be seen in Bhattacharya et al (2002 Bhattacharya et al ( , 2003 , Bhattacharya (2003) . As can be seen from Table 2 and Figure 8 , axial load applied to the piles ranged from 22%
to 148% of Euler's elastic critical load (P cr ) treating piles as long columns neglecting any support from the soil. From the repeatability of the observations, it immediately becomes obvious from the table that the piles having P/P cr ratio greater than 0.75 failed. This result is consistent with the study of case histories where the piles that failed had (P/P cr ) ratio between 0.5 and 1 (see Figure 6 ).
The loads in the piles marked 7 8 and 10 (see Table 2 ) were purely axial. The pile heads were restrained in the direction of shaking (no inertia effects) and the piles buckled transversely to the direction of shaking. It must also be remembered that the piles were carrying the same load (load at which it failed) at 50-g and was stable before the earthquake. The stress in the pile section is well within elastic range of the material (less than 30% of the yield strength) but it failed as the earthquake was fired. This confirms that the support offered by the soil was eliminated by This paper presents the result for pile marked 10 in Table 2 . The main aim of the test was to quantify some aspects of pile-soil interaction during seismic liquefaction. Figure 9 shows the instrumentation layout surrounding the pile with an estimate of the pre-existing effective vertical stress (σ v ') at the corresponding elevation. A spring-loaded LVDT was held against the pile head to follow the movement of the pile head. Near field pore pressures were also measured by placing the PPT's very close to the pile. Miniature earth pressure cells SC2 and SC3 manufactured by Entran were attached to the front and back faces of the pile at 75mm depth (representing 3.75m depth of soil in the prototype scale) to record the pressure changes as the pile buckles. Figure 10 shows the surface observation after the test and Figure 11 reveals the mode shape of pile 10 during excavation.
It may be observed that the pile head rotated which is quite similar to the observation of a piled building in the aftermath of a real earthquake. pore pressures begin to rise. The LVDT record on the other hand shows that the pile starts to move unidirectionally at around 0.26s in the time history i.e. after two full cycles of loading. It must also be remembered that this unidirectional movement is orthogonal to the direction of shaking and thus denotes the onset of buckling instability. This confirms that the buckling is not linked to inertia. It Pile 10 ( must also be noted that the pile begins to buckle when the bottom soil (PPT 6266 in Figure 9 ) does not liquefy fully (r u = 82%).
It has been observed through the analysis of pore pressure data in centrifuge tests, Bhattacharya et al (2002 Bhattacharya et al ( , 2003 , that as shaking starts the pore pressure rises in the soil starting from the top and proceeding downwards and at the same time, the front of zero effective stress continues to advance swiftly downwards. It has been hypothesised that with the advancement of this front, the pile will gradually be unsupported by the soil grains in a progressive fashion, top-down.
When this advancing front reaches a critical depth H c given by equation 2 (a by-product of Euler's formula), the pile would have become elastically unstable. In Euler's formula
, taking L eff = 2H c for a pile with no restraint at the head (Figures 4b and 9 ), equation 2 is obtained.
For pile 10, the critical depth (H c ) is estimated to be 158mm from the point of application of the axial load, which is 18mm below the level at which PPT 6675 was placed. Figure 12 shows that PPT 6675, which is 18 mm above H C has liquefied, but PPT 6266 which is 32mm below H C has not fully liquefied, when the pile started to buckle. The pile displacement (δ) at the level of the earth pressure cells (i.e. at 75mm depth) is estimated from the LVDT record (which measured the pile head displacement) using a parabolic mode shape Their test results showed that the initial resistance to movement is negligible at all rates of loading but that some resistance was mobilised after certain amount of displacement. They further conclude that higher the rate of loading the larger is the resistance.
In contrast to the experimental work of Takahashi et al (2002) where a cylinder was pulled
at different rates, the failure of the pile discussed here is more realistic. The piles failed due to instability and the rate diminishes from 19.2mm/s to 0.2mm/s, (at the level of pressure cells, see Figure 13 ) as the pile progressively buckled with the shearing of the soil in front of it. It must be concluded that liquefied soil can generate considerable shear strength if it subjected to undrained monotonic shear strains because of dilative nature.
The difference in the stress cells (SC2 and SC3 in Figure 9 ) readings approximately measures the lateral resistance offered by the liquefied soil to the buckling pile. The lateral resistance measured is normalised by the initial over burden pressure (33.3kPa) at the level of the pressure cells. Figure 14 shows the plot of normalised lateral resistance with the normalised displacement of the pile (δ/D). It may be noted that lateral resistance increases drastically after 30% of reference strain, which also substantiates the LVDT record. 
Figure 14: Normalised lateral resistance versus normalised lateral displacement (δ/D).

TRANSIENT LOADING DUE TO LATERAL SPREADING
Dynamic centrifuge model tests have been carried out at Cambridge in which piles with no axial load were placed in laterally spreading slopes, (Haigh, 2002) . Instrumentation was in place near to the upslope and downslope faces of these piles in order to measure the lateral total and effective stresses exerted on the piles. Time histories of the differences between the pressures acting on the front and back faces of the pile at the same depth were calculated and showed that significant downslope lateral pressures were exerted on the piles by the laterally spreading ground, as is seen in Figure 15 . A summary of the peak lateral stresses measured as acting on the faces of the pile is shown in Figure 16 together with the design loads calculated from the JRA code. The peak stresses 
PILE-SOIL INTERACTION DURING BUCKLING
Sufficient information has been obtained from the centrifuge tests carried out at University of Cambridge (see Bhattacharya et al 2002 Bhattacharya et al , 2003 to propose a hypothesis of pile-soil interaction during a buckling event. The pile begins to buckle when the front of zero effective stress reaches a critical depth H c . This buckling instability will cause the pile to shear the soil adjacent to it, which will start offering temporary resistance. The soil element in front of the buckling pile will be subjected to monotonic shearing in addition to the cyclic shearing due to earthquake. It is evident from the "V/k" ratio (i.e. the ratio of velocity of the pile to the permeability of the soil, which is 197 at the start, see Figure 13 ) that the event is best looked upon as undrained. The resistance to the buckling pile is due to this "undrained strength of the soil" which is the strength when sheared at constant volume. It should be obvious from the definition that the stress path must follow the Critical State line, Schofield and Wroth (1968) .
It must be expected that the imposition of undrained monotonic shear strain (pile pushing the soil) in loose to medium dense sand at low effective stresses will lead to an attempt to dilate.
The event being at constant volume will suppress this potential dilatancy by a negative increment of pore pressure in a locally sheared soil. This negative increment of pore pressure creates an increase in effective stress, which temporarily provides support to the buckling pile. On the other hand, this reduction of pore pressure in the locally sheared soil also induces a transient flow from the neighbouring "liquefied but not monotonically sheared" soil towards the pile. As the far field liquefaction pore pressures are reasserted in the near field, the lateral resistance of the soil to the buckling pile decreases.
A CASE STUDY: FAILURE OF THE SHOWA BRIDGE DURING THE 1964 NIIGATA EARTHQUAKE (JAPAN)
This section describes the bridge and the resulting damage due to the 1964 Niigata earthquake as an example of possible pile failure by buckling. It will be shown that the piles satisfy the criteria of the JRA (1996) code, i.e. had enough strength to resist lateral spreading, but they failed.
The bridge was built over river Shinano and was completed just a month before the earthquake (Fukoka, 1966) . The bridge had a width of 24m and total length of 303.9m. The superstructure of the bridge consisted of 12 composite girders. The foundations of each pier consisted of a row of 9 steel tubular piles connected laterally as shown in Figure 17 . After the earthquake five girders (G 3 to G 7 ) fell into the river as shown in Figure 18 . Figure 19 shows the post earthquake failure investigation and recovery of the damaged pile along with the soil investigation data. Table 3 summarises shows the design data of the pile. 
Eyewitness report
According to a reliable eyewitnesses report, "the girders began to fall somewhat later, perhaps about 0 to 1 minute after the earthquake motion ceased", Hamada, (1992a).
As can be seen from Figure 18 , piles of pier no P 5 deformed towards the left and the piles of pier P 6 deformed towards the right (Fukoka, 1966) . Had the cause of pile failure been lateral spreading, (Hamada, 1992a ) the piers should have deformed identically in the direction of the slope.
Furthermore, the piers close to the riverbanks did not fail, whereas here the lateral spread seen to be severe. 
Bending calculation based on JRA (1996) code
The photographs (Figures 17 and 18) show that the failed piles were fully submerged in water and hence a non-liquefied crust is unlikely to exist. Thus, according to the JRA code the bridge should not have collapsed. In addition the hinge formed at 4 m below the mud line (as can be seen from Figure 19 ) whereas the moment should be a maximum at 10m depth based on JRA code and should be only 5% of the plastic moment of resistance at the location of the observed hinge.
Simple buckling calculation
For the Showa Bridge piles, the estimated allowable load is 965 kN and the theoretical buckling load, P cr (assuming liquefied soil did not offer support) is 1095kN i.e. only 15% greater than the allowable load. The calculations are shown below.
CONVENTIONAL PILE CAPACITY:
The pile capacity is estimated based on SPT values quoted in Figure 19 . Standard correlations, Randolph (1985) have been used and the values are shown in Figure 21 . It has been assumed that the design axial load of the pile is quite close to the allowable load. 
ACTUAL AXIAL LOAD AT FAILURE
This section calculates the dead load on each pile from the configuration of the Showa Bridge deck.
Information of the dimensions of the girders, span and the bridge type is obtained from Iwasaki (1984) . Reasonable assumptions are made for the missing data. A schematic diagram of the deck is shown in Figure 22 .
The bridge has a total length of 303.9 m (13.75 m + 10@ 27.64 m + 13.75 m) and width of 24 m.
As mentioned earlier, the superstructure of the bridge consists of 12 composite steel simple span girders. There are 9 piles in a row sharing the load of the superstructure (see Figure 17) . Table 4 shows the estimate of the total dead load for each span. It is assumed in the analysis that the load of the deck is shared equally by each of the 9 piles.
It is very interesting to note that the dead load per pile is in the order of 740 kN. If the live load due to the vehicular loading is added, the total load will be near 1000 kN. The allowable load predicted based on the soil parameter (N values) is 965kN, which justifies the assumption that the design load of the pile is close to the allowable load. different amounts of bending. Bending failure may be avoided by increasing the yield strength of the material, i.e. by using high-grade concrete or additional reinforcements, but it may not suffice to avoid buckling. To avoid buckling, there should be a minimum pile diameter depending on the depth of the liquefiable soil.
The JRA code was formulated by back analysing piled foundations, which were not seriously damaged. It is worth noting that the foundation piles had a diameter of 1.5m and penetrated only 15.9m of length in liquefied layer, Yokoyama et al., (1997) . The slenderness ratio in the liquefiable region is thus 42 and they could be categorised as short columns, which would only fail in crushing and not buckling. Such piles would remain stable irrespective of soil support, but they would need to be checked against bending moment induced due to lateral spreading.
Possible mechanism of failure of the Showa Bridge.
Earthquake-induced shaking caused the pore pressures to build up in the loose saturated sandy soil, and the soil started to liquefy. The piles lost their shaft resistance in the liquefiable region (layer 1 in Figure 21 ) and transferred the loads downwards to layer 2 with minor settlements. The soil liquefied and therefore lost its stiffness causing the pile to act temporarily as an unsupported column. The pile became elastically unstable and began to move sideways in the direction of least elastic stiffness, shearing the soil next to it. The initial resistance to the movement of the pile offered by the liquefied soil will be negligible but a large undrained shear resistance can be mobilised after a certain amount of monotonic displacement. The undrained resistance of initially It has been demonstrated in the earlier section of the paper that buckling is a possible failure mode of piled foundations. Lateral loading due to slope movement, inertia or out-of-line straightness increases lateral deflections, which in turn reduces the buckling load. These lateral loads are, however, secondary to the basic requirements that piles in liquefiable soils must be checked against
Euler's buckling. In contrast, the current method of pile design under earthquake loading is based on a bending mechanism where the inertia or slope movement (lateral spreading of soil) induce bending moments in the pile, and where axial load effects are ignored. The JRA code is inadequate and buckling needs to be addressed. Other codes such as NEHRP (2000) or Eurocode 8 (1998) also omits consideration necessary to avoid buckling of piles due to loss of soil support in the event of soil liquefaction.
Stability analysis of elastic columns shows (Timoshenko and Gere, 1961 ) that lateral deflections caused by lateral loads are greatly amplified if the axial load approaches the elastic critical load P cr .
In the presence of an axial load of magnitude 65% of P cr , the sway deflections and bending strains will be 3 times those of small deflection theory. In most practical situations such enhanced strains also lead to degradation of the elastic stiffness of the column, bringing down the critical load and causing collapse. It can be shown that a slenderness ratio of 50 signifies (P/P cr ) below 0.35 for steel and 0.15 for concrete, Bhattacharya (2003) . In each case, the expected amplification due to the combined action of lateral and axial loads is negligible. This suggests that for piles having slenderness ratio below 50, lateral loads -if properly accounted for in simple bending calculationscannot lead a pile to fail prematurely. This is also consistent with the fact that piles in laterally spreading soil (Marked A through F in Figure 5 ) having slenderness ratio below 50 did not collapse.
It is proposed in this paper that piles in liquefiable soil should be maintained below a slenderness ratio of 50 to avoid buckling instability.
CONCLUSIONS
1.
Buckling is a possible failure mechanism of piled foundations in areas of seismic liquefaction. Lateral loading due to slope movement, inertia or out-of-line straightness reduces the buckling load and promotes more rapid collapse. These lateral load effects are, however, secondary to the basic requirements that piles in liquefiable soils must be checked against Euler's buckling. In contrast, the current codes of practice for pile design omit considerations necessary to avoid buckling in event of soil liquefaction. These codes are inadequate and buckling needs to be addressed. It is proposed in this paper that piles in liquefiable soil should be maintained below a slenderness ratio of 50 to avoid buckling instability. The main difference between the proposed mechanism of pile failure and instability of structural frame shown in Figure 3 is that the soil offering resistance to the buckling pile. The buckling of piles in liquefiable soils can be described as the buckling of slender columns in a non-linear resistive medium. The resistance is due to the dilating, "initially liquefied and then subsequently monotonically sheared" near field soil. Figure 23 shows a very simple conceptual model of pile failure in level ground.
2. Bending and buckling require different approaches in design. Bending is a stable mechanism and is dependent on strength whereas buckling is dependent on geometric stiffness and is almost independent of strength. Designing against bending would not automatically suffice the buckling requirements. Thus, there is a need to reconsider the safety of existing piled foundations in potentially liquefiable soils designed based on the current codes of practice.
3. Centrifuge tests were designed in level grounds to avoid the effects of lateral spreading and the test results verified the hypothesis of pile failure due to buckling instability. The key parameter identified to distinguish whether the pile pushes the soil (buckling) or the soil pushes the pile (lateral spreading) is the slenderness ratio of the pile in the liquefiable region. The critical value of this parameter is approximately 50.
4. Liquefied soil cannot prevent the initiation of buckling but will dictate the location of a hinge by offering lateral resistance to the buckling pile. The quantification of lateral resistance is dependent of various factors. However, from the design point of view, the quantification of lateral resistance is irrelevant because of the fact that piled structure should not become unstable even at full liquefaction.
5. Future research development and regulations for piled foundations should focus on two issues:
• Retrofitting measures for existing piled foundations subject to buckling.
